Introduction
Wood is a porous material that can accumulate moisture. If the moisture content of the wood exceeds Fiber Saturation Point (FSP) -the point where a transition occurs from a regime of only bound water towards a regime of free and bound water together [1] -it may result in favourable conditions for decay. For protective and decorative reasons, coatings are generally applied on wooden substrates. The regulations concerning the usage and emissions of volatile organic compounds (VOCs) have led to increased use of waterborne (WB) coatings. While solventborne (SB) coatings are still have their place, WB coatings are becoming more and more common in the wood coatings sector. WB coatings are more sensitive to water compared to SB coatings [2] , which requires more understanding of the influence of coatings on the changes of wood moisture content.
Several approaches have been used to understand the influence of coatings on water transport through coated wood and resulting wood moisture content. For example, the average moisture content in bulk wood was measured to investigate the water transport properties through coatings [2] [3] [4] . However, the inhomogeneous distribution of water close to the surface have been demonstrated by many studies [5] [6] [7] [8] . These findings reveal the need of measuring the moisture content with spatial and time resolution to evaluate the barrier properties of coatings. Nuclear Magnetic Resonance (NMR) imaging is one of the methods to study wood moisture content, which is non-destructively providing temporally and spatially resolved moisture profiles [9] . It has proven to be an excellent tool for determining the moisture content of wood samples during water sorption [7, [10] [11] [12] . The second advantage of NMR imaging compared to other methods (such as weighing [13, 14] or X-ray computer tomography (CT) [15] or neutron imaging [16] / radiography [17] ) is its ability to distinguish the state of moisture as https://doi.org/10.1016/j.porgcoat.2019.01.043 Received 10 September 2018; Received in revised form 14 January 2019; Accepted 22 January 2019 bound or free water. It allows understanding the transport properties by understanding the changes in bound and free water [18] .
Recently, we have published a study, which aimed to elucidate the influence of the wooden substrate on the water vapour permeability of the coating applied to it [11] . NMR imaging was used to measure the moisture content distribution and quantify the changes in bound and free water in wood (pine sapwood, teak and oak) as a function of coating permeability (SB alkyd, WB alkyd and WB acrylic) during drying of completely water saturated samples. We observed that water transport appeared to be externally (i.e. coating) limited for all studied wood-coating combinations. We furthermore compared water vapour permeability of free films and wood supported films to understand the influence of the wood-coating interactions. We found that the interaction of the coating with the wood has no influence on the water vapour permeability for the considered combinations.
The dependence of the permeability to the physical state of water is still in debate [19, 20] . In principle, there is no theoretical difference between the permeation of liquid and water vapour for non-porous materials [21, 22] . However, the coatings have porous structure and the transport of water may occur through capillary flow (especially in pigmented coatings) that may result in the differences between liquid water and water vapour permeability [21] [22] [23] . It is often believed that the permeability of liquid water is higher than water vapour permeability [20] . Moreover, it is also known that the moisture absorptionboth from liquid and gaseous state of water -strongly influences the properties of many polymeric materials [24] . For most of the acrylic films, the clusters of surfactant in the film acts as water reservoir, and is hydrated by water. Increasing the amount of water enlarges the hydrated domains leading to scatter light, thus it loses transparency and turns into white upon water absorption. It regains transparency upon drying above its T g . Additionally, exposure to liquid water causes continuous addition of water to the hydrated domains and results in considerable swelling of the surrounding polymer. This may influence film properties irreversibly and leave large voids behind [24, 25] . These voids may act as water channels and influence water permeability. However, it is still under investigation whether or not water vapour permeability during drying is really different than liquid water permeability during water uptake.
The aim of this study is to investigate how sensitive the permeability of coatings on wood against moisture during long term exposure (about 3 months) to liquid water and subsequent drying below FSP. Various combinations of wood and coating types are studied that same wood (pine sapwood, teak and oak) and coating (SB alkyd, WB alkyd and WB acrylic) types with the previous study [11] are used. More specifically, four subsequent steps are taken to answer to this objective. The first step is to measure the moisture content (MC) distribution in coated wood during liquid water uptake. Besides the MC profiles, relaxation analysis is used to identify and quantify the state of water during water uptake. The second step is to measure the MC distribution during subsequent drying on the same samples. In the third step, the average moisture content in coated wood is used for permeability calculations. Finally, the permeability results are correlated with the average water activity in the coating, and the sorption isotherms of the coatings.
Materials and methods

Wood and coating types
Three types of wood were studied: one type of softwood, pine sapwood (Pinus sylvestris), and two types of hardwood, oak (Quercus petraea) and teak (Tectona grandis). The properties of these wood types were given in detail in our previous work [10] , and summarized in Table 1 . The sorption isotherms are recalled in Fig. 1 .
Two types of WB coating and one SB coating as a reference were studied to gain knowledge of how coatings resist water. Three transparent coating formulations, WB acrylic, WB alkyd, and SB alkyd, were prepared by AkzoNobel Decorative Paints, Sassenheim, the Netherlands, specifically for this work, which is a part of a previous work [11] . The WB acrylic dispersion was based on butyl acrylate and methyl methacrylate, with a glass transition temperature (T g ) of 2.4°C and a minimum film formation temperature of 7°C. The final WB acrylic composition had a solid content of 35 wt. (weight) %, and the surfactant amount of 6.9 wt.% on solid content. The alkyd binder for both WB and SB compositions was based on tall-oil fatty acids with a long oil length and low molecular weight. The WB alkyd emulsion was prepared using a 2% load of non-ionic surfactant to obtain an average particle size of 200 nm. The final WB alkyd composition had a solid content of 35 wt.%, and the surfactant amount of 5.1 wt.% on solid content. The final SB alkyd formulation had a solid content of 65 wt.%.
Coatings on wood
The coatings (WB Acrylic, WB alkyd, SB alkyd) were applied by brush on wood (pine sapwood, oak, and teak). The overview of studied wood-coating combinations is given in Table 1 .
In all combinations, three layers were applied to get a final effective thickness of around 50 μm on wood. The first layer was sanded to eliminate surface roughness. Two more subsequent layers were applied. The time between the applications of consecutive layers was one day. The coated wood samples were dried at room condition, i.e. 21°C and 40% relative humidity, for at least four months before the measurements were performed.
The dry film thickness of coatings on wood was determined from the cross-sections of the samples by using light microscope (Leica DMRX) according to ISO 2808:2007 [26] and ISO 1463:2003 [27] , shown in Fig. 2 .
Firstly, 20 mm diameter cylindrical samples were drilled from 10 mm thick coated wood panels. The samples were fixed on a small piece of wood with epoxy glue for better handling. The cross-sections were made with a sledge microtome by cross cutting them with a sharp microtome knife. The cross-sections were examined with a light microscope using UV-light, where the investigated length was approximately 12 mm. The thickness analysis was based on measuring 10 different points for each sample. Thickness analyses were performed on the same samples which were used for the NMR experiments.
NMR imaging and relaxometry
Principles and settings
As in the previous work [11] , NMR imaging and relaxometry was used to measure the moisture content distribution and to quantify the changes in bound and free water in coated wood. For details of the NMR principles we refer to our previous papers [10, 11] .
The experiments were performed with a home-built NMR set-up with a main magnetic field of 0.75 T and a constant gradient of 418 m T/m. It was designed with an electromagnet from GMW (Model 3473-70) and RadioProcessor™ (USB board) from SpinCore as a digital system for RF signal acquisition, detection and processing [11] .
The moisture profiles were obtained with a Hahn Spin Echo (HSE) sequence and a Carr-Purcell-Meiboom-Gill (CPMG) sequence was used to measure the relaxation time, T 2 .
The resulting NMR signal shows an exponential decay, as described by:
where I(τ) is the observed NMR signal at a time, I i is the signal from each exponential component, and m is the number of components. The signal intensity of each exponential term is proportional to the pore volume [28, 29] . Therefore, the signal intensity of each term versus T 2 values produces a continuous spectrum of T 2 values, i.e. a map of the volume occupied by each pore size or the pore size distribution. For details of the method of T 2 relaxation analysis we refer to our previous papers [10, 11] . The settings are summarized in Table 2 . t e is the echo time, t ww is the recording window, t 90°i s the pulse time, G z is the linear magnetic field gradient, Δx is the theoretical spatial resolution, n is the number of echoes, n avg is the number of signal averages, and t RT is the repetition time between two subsequent pulses.
In order to determine the local hydrogen density, the measured signal profiles were divided by the signal profile of a reference sample (an equal volume of aqueous 0.01 M CuSO 4 solution).
The moisture content (MC) was determined from the measured NMR signal based on calibration done in our previous study [10] and expressed as a percentage of the mass of water over the mass of dry wood (θ). The mass of dry wood is 1.7 ± 0.04 g for pine sapwood, 2.0 ± 0.04 g for oak and 2.0 ± 0.02 g for teak [10] .
Samples and sample holder for water uptake/drying of coated wood
20 mm diameter cylindrical samples were drilled from 10 mm thick wood panels (radial cut for pine sapwood, and tangential cut for oak and teak). Prior to the water uptake measurements, all samples were equilibrated at 33% RH for at least 4 weeks. The cylindrical wood samples were mounted in Teflon sample holders. These holders do not show any 1 H NMR signal. A glass tube was glued on top of the samples to act as a water reservoir, as shown in Fig. 3 . The glued glass tube reduces the effective surface radius of the samples to 6.5 ± 0.5 mm from 10 mm. Note that the lateral distribution is so fast that this has no influence on the water distribution. The sides of the samples were sealed with Teflon grease and Teflon tape to ensure that water can only enter the wood from the top side. Distilled water was put on top of coated wood samples.
The same samples used for the water uptake were used for subsequent drying. After completing the long term (about 100 days) water uptake, the remaining liquid water was taken away from the top of the samples and the top surface was exposed to a flow of dry air. The air flow was set at 3 L/min with an RH about 0-5% at room temperature (˜22°C). Tangential plane: the rays are perpendicular and the growth rings are parallel to the coated surface, i.e. vessels are oriented parallel to the surface Fig. 1 . Sorption isotherms for pine sapwood, oak and teak measured by Dynamic Vapour Sorption (DVS) at 25°C. The data is obtained from our previous study [10] . 
. Uncoated wood versus coated wood
In order to understand barrier properties of coatings during long term exposure to liquid water uptake, we first compare uncoated and coated wood. As an example of comparison, uncoated and WB acrylic coated pine sapwood were chosen that the moisture content (MC) profiles during water uptake are given in Fig. 4 . In our previous paper we discussed water transport properties in uncoated wood during water uptake [10] , which we will use as a reference in this study. The surface exposed to liquid water is located at position x = 0. The FSP is indicated by the horizontal dashed line, which was found to be around a MC of 29% for pine sapwood by DVS [10] . In comparison with the literature values, this FSP value is close to the value obtained by NMR method, which is reported as 35 ± 4% for pine sapwood [30] . However, as discussed by Hill et al. [31] , the solute exclusion methodsupposed to measure the total water capacity of the cell wall -may result FSP values above 40%. The differences in FSP by these methods are considered to be due to incomplete wetting of the lignocellulosic material when absorbing moisture from the initial dry state [31] .
For uncoated wood, three phases of water uptake are observed. Firstly, during the early phase of the uptake (first 2 days), a front develops indicating that the transport is internally limited. This front occurs until the moisture reaches the bottom, where the MC remains below the FSP. Secondly, there is a homogeneous increase up to the FSP (between 7 and 16 days). Thirdly, the last phase of water uptake occurs above the FSP (between 21 and 114 days), where the MC significantly exceeds the FSP. In the case of WB acrylic coated pine sapwood, we observe the first phase of the uptake during the first week, where the front is not as visible as in the case of uncoated wood. The second phase of homogeneously increasing profiles up to the FSP is observed until around 40 days. Even after about 100 days exposure to liquid water, the MC of the upper part of the sample is slightly higher than the FSP, and the MC of the bottom part is close to but lower than the FSP. In other words, the third phase of the uptake above the FSP is hardly visible for coated wood.
Combinations of wood and coatings types
The barrier properties of wood coatings against moisture are investigated by studying various combinations of wood and coating types during long term exposure to liquid water, of which the moisture content profiles are given in Fig. 5 . Note that the FSP was found to be around a MC of 30% for oak and 22% for teak [10] .
Pine sapwood
For SB alkyd and WB alkyd coated pine sapwood, the first two phases of the uptake are similar as in the case of WB acrylic coated pine sapwood. The first phase of the uptake is observed during the first week, where the front is not much obvious. Then until around 40 days, the second phase of homogeneously increasing profiles up to the FSP is observed. Until around 100 days, the third phase of the uptake exceeding the FSP is observed for WB alkyd coated pine sapwood, while it is hardly visible for the others.
Teak
For teak with 3 different coating types (SB alkyd, WB alkyd and WB acrylic), the first phase of the uptake is observed during the first week, where the front is not much obvious. The second phase of homogeneously increasing profiles up to the FSP is observed until 40 days for SB alkyd and WB acrylic coated teak, and until 20 days for WB alkyd coated teak. The third phase of the uptake exceeding the FSP is clearly observed for SB alkyd and WB alkyd coated teak until 120 days, while it is hardly visible for WB acrylic coated teak even after about 100 days.
Oak
In the case of oak, the wave-like moisture distribution is observed for SB alkyd, WB alkyd and WB acrylic coated oak. This is because of the structure of the wood, i.e. the orientation of the vessels to the surface [32] . The vessels in the earlywood rings have different water capacity compared to the cells in the latewood rings. When these vessels are oriented parallel to the surface as in this case, a lower MC is observed in these regions, which leads wave-like moisture distribution through wood samples. For oak with 3 different coating types (SB alkyd, WB alkyd and WB acrylic) we again observe the first phase of front like uptake for the first week. For SB alkyd and WB alkyd coated oak, the second phase of homogeneously increasing profiles up to the FSP is observed until 22 days. The third phase is observed until 95 days, where the MC exceeds the FSP over the whole sample. For WB acrylic coated oak, the third phase is not observed at all. Even after 93 days the MC is far below the FSP -around 20% -all over the sample, even close to the surface.
Besides the MC profiles, relaxation analysis is used to identify and quantify the state of water during water uptake, shown in Fig. 6 . The relaxation analysis is performed at three different points, around 2 mm (top), 5 mm (middle) and 8 mm (bottom) below the coated surface, where it relates to a region of 0.5 mm width at each position.
At all positions, free water is only observed after all the cell walls are saturated with bound water. This is the transition point from the second phase of the uptake to the third phase. The number of days indicated by vertical arrows represent the beginning time of the third phase. During the first and the second phases of the uptake below FSP, only bound water is available showing the transport in the vapour phase and in the wood fibers [10] . Free water is available only in the Fig. 4 . The moisture content (MC) profiles of water uptake of uncoated and WB acrylic coated pine sapwood. The data for uncoated pine sapwood is obtained from our previous study [10] . Profiles were obtained every 2 h during the first day represented by an arrow, then at indicated times in terms of days. third phase.
Drying after water uptake
After the liquid water uptake, drying is performed on the same samples to follow the moisture profiles during water vapour leaving the wood through the coatings. After completing long term water uptake, the remaining liquid water was taken away from the top of the samples and then the top surface was exposed to a flow of dry air. The MC profiles during drying are given in Fig. 7 for coated pine sapwood, teak and oak. The surface exposed to dry air is located at position x = 0. The FSP is indicated by horizontal dashed line.
In all wood-coating combinations, homogeneously decreasing profiles are observed which shows coating (externally) limited drying. Note the peak on the coated surface during the early phase of drying. This peak comes from the moisturized glue which was used to glue a glass tube on top of the samples to act as a water reservoir. When the glue is wet, it also gives NMR signal resulting the observed peak. However, it dries in time and its relaxation becomes very short that cannot give signal anymore.
The change in average MC over the whole sample during water uptake and subsequent drying is also shown in Fig. 8 . The average MC has been calculated by summing up the MC values and dividing by the number of points on the MC profiles. The error bar represents the standard deviation in MC over a MC profile. Note that the average MC was calculated after the peak from moisturized glue disappears, such as 5 days after in the case of SB alkyd coated pine sapwood (see Fig. 7 ).
Note that the average MC below the FSP during drying will be used to calculate water permeability below the FSP.
Permeability of coatings 4.4.1. Theory
The water permeability of transparent coatings on wood can be calculated from the NMR profiles. In order to calculate permeability of coatings on wood during liquid water uptake and subsequent drying below the FSP, we performed following derivations.
The total amount of water in the wood can be connected with the flux through coating via the mass conservation equation:
where
] is the area of the coated surface exposed to liquid water or dry air and M = 18 g/mol is the molar mass of water. is the thickness of the film. The driving force for the flux is the water activity difference, a Δ , which is the subtraction of the water activity of the environment from the water activity of the wood.
Local flux
At a given point in the coating with a thickness L the mass flux J equals:
where f is a combination of the local diffusion coefficient and the solubility. And in case that the diffusion coefficient varies with the water content, f can be a function of a (the local water activity). Also, ∂ ∂ ρ a / is the derivative of the sorption isotherm, where sorption comes into play.
We assume that the density distribution of water in the coating slowly varies compared to the flux, so the flux will be constant at every point in the coating. Therefore:
where F is the primitive of f. When x is equal to 0, it is the coating-wood interface, so one can consider a 0 as the water activity in the wood.
When x is equal to L, it is the coating-environment (like air in the drying process or water in the uptake process) interface, so a L can be considered as the water activity of the environment. As a consequence, one can define a permeability k as,
Activity dependent permeability
To understand the relation between the permeability and the activities at both sides of the coating, we start with the following expression for f,
0 1
The primitive of this expression (Eq. (6)) is
Inserting this expression (Eq. (7)) into the derived equation for the permeability (Eq. (5)) gives 
This expression (Eq. (8)) demonstrates the importance of the state on both sides of the coating. The second term shows how the moisture distribution in the coating could affect the permeability. It also supplies a simple parameter for this:
, which is the average water activity in the coating.
Permeability of one coated system
The NMR moisture profiles were used to determine the water permeability of coatings on wood by Eq. (2). WB acrylic coated pine sapwood was chosen to show how to calculate water activity dependent permeability, and its correlation with the average water activity in the coating.
Eq. (2) can be rewritten as,
The MC versus time graphs (Fig. 8 ) provides the mass change over time, m t Δ Δ . Firstly, θ is multiplied by the mass of dry wood to obtain the total amount of water in the wood. Secondly, an equation is obtained for the mass change over time, which is the derivation of the fitted equation of m versus t plot (Fig. 9, left) . Thirdly, θ is not constant, but depends on the water activity, θ a ( ). The sorption isotherms of uncoated wood in Fig. 1 are used to obtain the reverse isotherm (Fig. 9, right) . The water activity in the wood is obtained at each θ value by a versus θ in Fig. 9 , right.
Then the water activity difference is calculated with the value of the water activity of the environment is 1 for uptake and 0 for drying.
Finally, L, A and M are known values, which are directly put in Eq. (9) to find permeability, see Fig. 10 .
Recalling the previous section that the activities at both sides of the coating, i.e. the average water activity in the coating, could affect the permeability. Fig. 10 shows the permeability versus the average water activity in the coating for WB acrylic on pine sapwood. The average water activity of the coating is calculated by taking the average of the external water activity (1 for uptake and 0 for drying) and the water activity inside the wood.
There are two parts in the curve; drying and uptake. There is roughly continuous curve from drying branch to uptake branch. First part, where the average water activity in the coating is below 0.5, shows the permeability variations during drying below FSP. In this part, the permeability drops as the average water activity in the coating decreases. Second part, where the average water activity in the coating is above 0.5, shows the permeability variations during uptake. In this part, the permeability rises as the average water activity in the coating increases. At the end of the uptake, it has the highest permeability, where the activity is 1 on both sides of the coating.
It has been observed that permeability varies as a function of average water activity, which hints towards the importance of the amount of water present inside the coating, so the sorption isotherm. In order to check if there is any correlation between the permeability and the sorption isotherm, the adsorption and desorption isotherms of leached free film for WB acrylic are shown in Fig. 10 . The scale of the sorption curves is set such that it covers the scale of permeability to be able to correlate the permeability to sorption isotherms of the coating.
The trend in the permeability variations is in line with the sorption isotherms of the coating, which shows a reasonable correlation. This also proves that the permeability variations are due to the coating absorption itself. Moreover, the permeability is equal to diffusion coefficient (D) times the solubility (ρ), so the sorption isotherm basically. The good correlation of the permeability with the sorption isotherm raises the question about constant diffusion, which is an open discussion that deserves more study.
Permeability of all coating-wood combinations
In order to understand if the activity dependent permeability is Fig. 8 . The change in average MC over the whole sample during water uptake and subsequent drying. specific for one particular system (WB acrylic on pine sapwood), or it holds for the other systems as well, the permeability variations for various combinations of wood and coating types are studied during liquid water uptake and subsequent drying, see Fig. 11 . For each coating type, there is quantitatively similar trend between different wood types. As seen in the previous study, the permeability is hardly sensitive to the wood type [11] . The permeability variations for different coating-wood combinations show the similar behaviour as the WB Acrylic on pine sapwood discussed in the previous section. Firstly, all the curves are continuous in such a way that the drying branch and the uptake branch can be easily connected together. Secondly, the permeability rises when the average activity increases during uptake, and drops when the average activity decreases during drying. In other words, the permeability has a direct relation with the average water activity inside the coating, which is connected to the activities of both sides of the coating.
The adsorption and desorption isotherms of leached coating films are shown in Fig. 11 to check if the correlation between the permeability and the sorption isotherm holds for all studied coating and wood combinations. The overall trend in the permeability variations is in line with the sorption isotherms of the coatings. For all studied systems, this correlation between the sorption isotherm and the permeability is remarkably well, suggesting that the permeability variations are due to the amount of water present in the coating. However, there is one remark that this correlation with the sorption isotherm may vary in case a polymer plasticizes above certain moisture content. This type of condition may significantly influence the permeability. Further tests are needed to check whether or not the correlation with the sorption isotherm is polymer specific. These tests should focus on polymers which can be easily plasticized. Although it is not very interesting from coating perspective, nylon could be a nice testing polymer to investigate the limitations.
The permeability variation due to the amount of water present in the coating hints towards the importance of the boundary conditions. The biggest variation in the permeability is observed at the switch from drying to uptake, where there is more water during uptake than drying. It suggests that it is not so much due to the fact that is vapour or liquid. In fact, the dependence of the permeability to physical state of water is still in debate [19] [20] [21] [22] [23] . As shown in this study, it is not about the type of water vapour or liquid present at one side of the coating; it is all about the moisture content of the coating which is connected to the water activities of the sides of the coating. In other words, permeability is all about the local moisture content in the coating. At this point, there is an open discussion related to the previous work [11] , in which the permeability of free films was found constant via wet-cup experiments. We still have to investigate how the outcomes of this study link to the previous results found by wet-cup. This will require a more detailed series of experiments.
Conclusions
During both water uptake and subsequent drying studied by NMR imaging, coating limited transport is observed for the studied woodcoating combinations -three unpigmented coatings, SB alkyd, WB alkyd and WB acrylic on pine sapwood, teak and oak. During water uptake, free water is only observed after all the cell walls are saturated by the bound water, which shows a local thermodynamic equilibrium of bound and free water.
The water permeability of coatings on wood has a direct relation with the average water activity inside the coating, which is connected to the activities of both sides of the coating. The permeability rises when the average activity increases during uptake, and drops when the average activity decreases during drying. Further, the correlation between the sorption isotherms and the permeability is remarkably good, which indicates that the permeability variations are due to the amount of water present in the coating. This good correlation raises the question about constant diffusion, which is an open discussion that deserves more study. In overall, the permeability is not about the type of water vapour or liquid present at one side of the coating; it is all about the Fig. 10 . Permeability of WB acrylic on pine sapwood for liquid water uptake and subsequent drying below the FSP. Adsorption and desorption isotherms of leached free films, measured by DVS were obtained from the previous study [11] . Fig. 11 . Permeability of coatings (WB acrylic, WB alkyd, SB alkyd) on wood (pine, teak, oak) for liquid water uptake and subsequent drying below the FSP. Adsorption and desorption isotherms of leached free films, measured by DVS were obtained from the previous study [11] . moisture content of the coating.
A few issues upon these conclusions are needed to be addressed in future research. Further tests are suggested to check whether or not the correlation between the permeability and the sorption isotherm is polymer specific. This requires a study on easily plasticized polymers in which nylon could be a nice testing polymer to investigate the limitations. Secondly, it has to be still investigated how wet-cup experiments fit in the outcomes of this study that requires a more detailed series of experiments, such as more points in the dry region.
